Groundwater beneath the alluvial plain of the Indus River, Pakistan, is reported to be widely polluted by arsenic (As) and to adversely affect human health. In 79 groundwaters reported here from the lower Indus River plain in southern Sindh Province, concentrations of As exceeded the WHO guideline value for drinking water of 10 μg/L in 38%, with 22% exceeding 50 μg/L, Pakistan's guideline value. The As pollution is caused by microbially-mediated reductive dissolution of sedimentary iron oxyhydroxides in anoxic groundwaters; oxic groundwaters contain <10 μg/L of As.
pollution is caused by microbially-mediated reductive dissolution of sedimentary iron oxyhydroxides in anoxic groundwaters; oxic groundwaters contain <10 μg/L of As.
In the upper Indus River plain, in Punjab Province, localized As pollution of groundwater occurs by alkali desorption as a consequence of ion exchange in groundwater, possibly supplemented by the use for irrigation of groundwater that has suffered ion exchange in the aquifer and so has values >0 for residual sodium carbonate. In the field area in southern Sindh, concentrations of Mn in groundwater exceed 0.4 mg/L in 11% of groundwaters, with a maximum of 0.7 mg/L, as a result of reduction of sedimentary manganese oxides. Other trace elements pose little or no threat to human health.
Salinities in groundwaters range from fresh to saline (electrical conductivity up to 6 mS/cm). High salinities result from local inputs of waste water from unsewered sanitation but mainly from evaporation/evapotranspiration of canal water and groundwater used for irrigation. The process does not concentrate As in the groundwater owing to sorption of As to soils. Ion exchange exerts a control on concentrations of Na, Ca, and B but not directly on As. High values of Cl/Br mass ratios (most ≫288, the marine value) reflect the pervasive influence on groundwater of sewage-contaminated water from irrigation canals through seepage loss and deep percolation of irrigation water, with additional, well-specific, contributions from unsewered sanitation.
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| INTRODUCTION
The guideline value for the concentration of arsenic (As) in drinking water is given as 10 μg/L by the World Health Organization (WHO, 2017) . Concentrations of As in groundwater used for drinking from many of the world's deltaic and alluvial aquifers commonly exceed 10 μg/L as a result of natural mobilization of As from aquifer sediments by mechanisms unconnected to mineralization or mining. The high concentrations adversely affect the health of millions of consumers who rely on groundwater for domestic supply, whilst also threatening agriculture by polluting soils with As in irrigation water pumped from such aquifers (see Ravenscroft, Brammer, & Richards, 2009 May and August whereas minimum temperatures, which occur in December and January, rarely drop below a temperature of 2°C.
Across Sindh, irrigation underpins an economy based largely on arable and fruit farming. The soils of the Indus River plain are largely Calcisols (Food and Agricultural Organization, 2017) and typically would have a pH (water equilibrated) in the range 8.1 to 8.3 or lower (e.g., Ahmed, Siddique, Iqbal, & Hussain, 2017; Khan & Rafiq, 1987) .
| Water supply
Water for irrigation, industrial, and domestic use derives from the Indus River and from shallow alluvial aquifers. Indus River water is supplied through a network of unlined irrigation canals fed from the Indus River at the Sukkur Barrage, some 240 km to the north (see the Supporting Information and Azad, Rasheed, & Memon, 2003; Fahlbusch, Schultz, & Thatte, 2004; Inam et al., 2007) . The barrage was completed in 1932 ( Figure 1 and Section S1). The availability of canal water for irrigation decreases from trunk to tail of the distribution system. Where canal supply is inadequate, groundwater is pumped to compensate and so comprises between 20% and 100% of irrigation water, depending on proximity to canals (Mangrio, Mirjat, Leghari, Zardari, & Shaikh, 2015; Qureshi, McCornick, Qadir, & Aslam, 2008) .
Groundwater comes from wells that are typically <70 m deep because groundwater below 90 m depth is mostly saline. Groundwater levels vary seasonally between 1 and 3 m, decreasing in October-April (the dry season). Abstraction for irrigation is through private wells with motorized pumps in boreholes typically 46 cm (18 in.) in diameter.
Screens are either PVC and 3.9-4.6 m (13-15 ft) in length or iron and 3.0-3.6 m (10-12 ft) in length.
For personal and domestic use in urban areas, municipal piped water is supplemented in around 60% of household by groundwater from private hand-pumped wells. In rural parts of the study area, surface water is uncommon and there is no municipal water supply, so groundwater is the principal or sole source of drinking water, delivered through wells fitted with hand pumps or, rarely, motor pumps.
Private pumps are commonest near irrigation canals where seepage from canals (Rushton, 2016) has raised the water table most, enabling cheap installation of wells at depth <20 m. To serve the public, handpumped community wells tapping groundwater have been installed by government in rural and urban settings, for example at roadsides, and installed by community interests in mosques and shops. Handpumped wells are constructed with PVC or iron pipe and screen lengths are 1.5-3.0 m (5-10 ft).
| The alluvial aquifer
In the study area, groundwater was sampled from depths ≤76 m, so all groundwater derives from the alluvial sediments of the Upper Tando Jam Formation (Figure 2 ; Kazmi, 1984) . These are mostly fine sands with rare silt or clay interbeds, typically capped by floodplain silts and clays. The Upper Tando Jam Formation overlies a Lower Tando Jam Formation composed of coarser sands, gravels, and interbedded clays (Kazmi & Jan, 1997) . The underlying Nasibar Formation comprises hard, multicoloured, calcareous clays. The deposits fill an ancient erosional valley of the Indus River that was cut into the underlying Eocene basement of limestones, marly limestones, gypsiferous shales, and ferruginous sandstones (Haq, 1999; Kureshy, 1977) to depths relative to present ground level of over 200 m in its deepest parts within the study area. The valley fill of the Upper Tando Jam Formation postdates the last glacial maximum, is mostly of Holocene in age, and is derived mostly from the Himalaya (Haq, 1999; Holmes, 1968; . In historic times, the Indus River flowed through, or just east of, the study area (Holmes, 1968) , so the uppermost alluvium, and its cover of finegrained floodplain deposits, are possibly <2,000 years old in the study area.
| Groundwater recharge
Recharge by annual rainfall is modest and occurs mostly during the months of July and August. Rare recharge accompanies short-term inundation caused by exceptional rainfall events (ADB, 2013) . Most recharge occurs by seepage from the network of unlined irrigation FIGURE 2 Cross section through the study are showing its main sedimentological features. Adapted from figure 12 of Kazmi (1984) . For line of section, see Figure 1 (inset) canals across the area (Section S1; Azad et al., 2003; Chandio, Lee, & Mirjat, 2013; cf. Greenman et al. 1967; Qureshi et al., 2008) and deep percolation of river water used for irrigation. Such long-term irrigation has raised water tables across most of the Indus River plain from around 30 m depth in the 1900s to a level close to the surface by the 1960s in some areas (Greenman, Swarzenski, & Bennett, 1967; Qureshi et al., 2008) . As a consequence, waterlogging and/or salinization of soils is found now across some 25% of irrigated land in Punjab and some 60% of irrigated land in Sindh (Qureshi et al., 2008) .
Recharge by river flooding is largely prevented in the present day by levees that contains the present Indus River (ADB, 2013; . Nevertheless, exceptional flooding within the levees is relieved by diverting river water onto fields via the irrigation canals, so river flooding can lead to temporary inundation of the alluvial plain away from the Indus main channel (e.g., fig. 7 of Deutsch & Ruggles, 1978) .
The river Indus and its tributaries have repeatedly change course, even in historical times (Holmes, 1968) . As the climate of the Indus River plain has been arid to semiarid since around 4 ka (Ansari & Vink, 2007; Lamb, 1995) , the river would have been a losing stream and would have recharged groundwater. According to Panhwar (1964 , quoted in Holmes 1969 , these old river courses in Sindh Province, southern Pakistan, are still recognized as areas of fresher groundwater.
| SAMPLING AND ANALYTICAL METHODS
Groundwaters were taken from 69 hand-pump wells up to 55 m depth and 10 motorized wells up to 76 m depth; for details and locations, see Table S2 ). Well depths were obtained from well owners and ranged mostly from 9 to 55 m below ground level (mbgl), with outliers of 5 and 76 m. Well locations were determined with a handheld GPS referenced to WGS84.
Wells were purged before sampling. Samples were collected in 13-ml polyethylene sample tubes directly from the pump outlet.
When visibly turbid, samples were filtered through 0.45-μm polypropylene membrane filters to remove aquifer fines that might include As-bearing Fe oxides. Comparisons by us and others, for example, Zheng et al. (2004) , of filtered and non-filtered nonturbid samples have shown that filtering introduces no noticeable artefact to chemical composition. Samples for cation analysis were acidified in the field to be 1% with respect to Analar© nitric acid; those for anion analysis were not acidified. Field measurements were made of temperature, pH, and Eh, using an Adwa AD-111 Multimeter. Calibration for Eh was by Zobel's solution.
Field measurements of turbidity were made with a HANNA HI93703-11 turbidity meter. Electrical conductivity was measured in the field with an Adwa ad-330 conductivity meter. Laboratory analysis for As, B, Br, and other trace elements was done by ICP-MS (Varian 820) using matrix-matched standards; precision and accuracy were ±10% RSD. Analysis for Ca, Mg, Sr, Ba, Mn, Fe, P, and Si was done using ICP-AES (Varian 720) on the same dilutions used for ICP-MS and against matrix matched; precision and accuracy are better than ±5% RSD. For F, Cl, NO 3 Table S2 ). FIGURE 5 Cross plots of Na, Ca, Cl, and SO 4 for groundwaters from Tando Allahyar. Filled yellow circle is Canal Sample 83, with Na/Cl = 2. Many groundwater compositions fall on an evaporation line from canal water and have Na/Cl ≈ 2 (open blue circles), the value for canal water.
Other groundwaters scatter away from the evaporation line owing to the addition of waste water high in NaCl (Na/Cl ≈ 1, yellow squares), or ion-exchange removal of Ca and addition of Na (Na/Cl ≈ 5, black filled circles). See text for details Ion exchange removes Ca and adds Na (and B) to groundwaters, so many in Tando Allahyar contain less Ca and more Na than Control of B by ion exchange is common in soil waters (Goldberg, 1993) and aquifers (Rowe, 1999;  references therein).
The major anion is SO 4 accompanied by lesser amounts of Cl and HCO 3 (Table S2 ). Concentrations of SO 4 range from 11 to 1,900 mg/L with SO 4 /Cl mass ratios mostly >1 ( Figure 5c ; Table S2 ). In many groundwaters, the presence of H 2 S was detected by smell on acidification, attesting to the presence of sulfate reduction in the well and/or aquifer. Values of pH range from 6.9 to 8.1. Concentrations of F are <0.75 mg/L in all wells and decrease with increase in concentrations of Ca (Table S2) 
| Redox-sensitive species
Pump aeration compromised measurements of DO 2 concentrations.
In their absence, we classify groundwaters as oxic or anoxic on values of Eh and the presence or absence of dissolved Fe, Mn, NH 4 , and NO 3 . Of the 79 groundwaters analysed, 41 are classified as oxic and are NO 3 bearing, low in Fe and/or Mn, and with a positive Eh (Table S2) (Table S2) . Furthermore, in the three wells yielding coliform counts above 100 (Wells 4, 55, and 66), the counts decrease with depth (Table S2) . Groundwater from Wells 55 and 66 also have Na/Cl close to 1 (0.78 and 0.87, respectively; Table S2 ) and amongst the higher Cl/Br (671 and 872, respectively). These results are discussed in Section S4.
| DISCUSSION OF ARSENIC

| Mechanism of As pollution, Tando Allahyar
Pollution of water by As can be anthropogenic and derive from arsenical pesticides and herbicides and be caused in soil water (not groundwater) by competitive exchange with PO 4 from phosphate fertilizer or derive from oxidation of gangue sulfides in mine waste in spoil heaps and distributary channels. These anthropogenic mechanisms operate mostly in surface environments and are unlikely to affect groundwater, so discussion of them is given in Section S3.
There are five natural mechanisms that pollute groundwater with arsenic. These are volcanic or hydrothermal activity; oxidative weathering of arsenic-bearing sulfides, typically pyrite and arseno-pyrite; desorption of As from mineral surfaces at high pH (sometimes termed alkali desorption); reduction of sedimentary iron oxyhydroxides; and evaporative concentration (DPHE, 1999; Ravenscroft et al., 2009; Welch, Lico, & Hughes, 1988; Welch, Westjohn, Helsel, & Wanty, 2000) . Hydrothermal and volcanic activities are not present in the study area (Shuja, 1988) , so these cannot , seawater, canal water with the lowest Cl, and rain water from Davis et al. (1998 Davis et al. ( , 2004 . Solid lines represent mixing lines between end members. Alternative mixing lines using rain water as an end member are dotted and shown to emphasize the subordinate role of rainwater in generating recharge compared with canal seepage and deep percolation of irrigation water mineralization is reported in the study area. Furthermore, the As-polluted groundwaters in the study area are anoxic, not oxic, so this mechanism is ruled out. A positive correlation between As concentrations in groundwater and groundwater pH is diagnostic of the operation of alkali desorption (e.g., Farooqi, Masuda, Kusakabe, et al., 2007; Robertson, 1989) . Groundwaters in the study area show no correlation between pH and As concentration (see Section 5.6), so this mechanism cannot be responsible for As pollution in the ) and marine sediments (Froelich et al., 1979) . Taken together, these indicators show that As and Fe have a common source and that
As pollution in the groundwaters of Tando Allahyar arises from reduction of iron oxyhydroxides, as postulated by Naseem (2012).
| Drivers of Fe reduction, Tando Allahyar
Reductive dissolution of Fe oxyhydroxides and accompanying release of As is a microbial process (Ahmann, Krumholz, Hemond, Lovely, & Morel, 1997; Cummings, Caccavo, Fendorf, & Rosenwei, 1999 (Korte, 1991; Kresse & Fazio, 2003; Matisoff, Khourey, Hall, Varnes, & Strain, 1982) , the Bengal Basin (Nickson et al., 1998 (Nickson et al., , 2000 DPHE, 1999; van Geen et al., 2003 et seq.) , Vietnam (Berg et al., 2001 et seq.) , Cambodia (Rowland et al., 2007 et seq.) , Italy (Baldantoni & Ferronato, 1995; Rotiroti, Sacchi, Fumagalli, & Bonomi, 2014) , and in many other regions (Ravenscroft et al., 2009) . As the process is generic and not site specific, it is no surprise that it occurs in the study area.
Reduction of iron oxyhydroxides is driven by microbial metabolism of organic matter Chapelle & Lovley, 1992; Nealson, 1997; Lovley, 1997; Banfield, Nealson, & Lovley, 1998; et seq.) . Referring to the Fe-reduction mechanism, McArthur, Ravenscroft, Safiullah, and Thirlwall (2001) stated that "It is likely that any fluvial or deltaic basin that has hosted marshland and swamp (i.e., organic matter) will be prone to severe arsenic contamination of borehole water" by Fe reduction. This simple predictive model applies to the Indus River plain. Within the basin, reduction will be driven by more than one source of organic matter (OM hereinafter), the relative importance of which will differ from place to place. Potential sources are 1. Soils and, where present, floodplain silts and clays that form localto-regional upper aquitards over channel sands, as appears to happen elsewhere (Kulkarni, Mladenov, Johannesson, & Datta, 2017; Mailloux et al., 2014) . Such deposits are thin and uncommon in the (mostly) unconfined aquifers of the upper Indus River plain in Punjab (Greenman et al., 1967) 
| Relation of As to Fe and PO 4
In groundwaters polluted by As through reduction of Fe oxyhydroxide, the correlation of Fe and As is often poor, whereas correlations between Fe and PO 4 , or As and PO 4 , may be better McArthur et al., 2004 et seq.) . This is the case for groundwaters from Tando Allahyar (Figure 12 ). A poor correlation between As and Fe in groundwater might imply that reduction of iron oxyhydroxides does not cause As pollution (e.g., van Geen et al., 2004 Welch et al., 2000) . Second, As is accommodated into diagenetic pyrite (Belzile & Lebel, 1986; Charkaborti et al., 2001; Lowers et al., 2007; McArthur, 1978; Moore, Ficklin, & Johns, 1988; Rittle, Drever, & Colberg, 1995) , so loss of As from groundwater to pyrite has often been invoked as the mechanism that degrades expected As-Fe correlation or explains the lack of As in some high-Fe groundwater (e.g., Kresse & Fazio, 2003; Kirk et al., 2004) . In Tando Allahyar, many groundwaters, both arsenical and otherwise, smelled of H 2 S on acidification, so the mechanism may be reducing As concentrations in some groundwaters.
Iron alone may be removed into siderite or mixed-valence hydroxycarbonates (green rust), which sorb As (Jönsson & Sherman, 2008) . Iron and As may be removed into symplesite (Johnston & Singer, 2007) . Iron and PO 4 may be removed into vivianite (Rothe, Kleeberg, & Hupfer, 2016) , which structurally incorporates As (Mori & Ito, 1950; Muehe et al., 2016) and can also sorb As (Islam et al., 2005) . Furthermore, Smith, Kent, Repert, and Böhlke (2017) showed that As and PO 4 may be removed from groundwater onto freshly precipitated Fe oxyhydroxides through anoxic oxidation of 
| Mitigation of As pollution by NO 3
Concentrations of NO 3 in river water, lake water, and groundwater are typically low (typically <2 mg/L) in the absence of leguminous plants or anthropogenic contamination because NO 3 is either rapidly utilized by plants or reduced, usually to N 2 gas, as a result of microbial activity.
Data in Livingstone (1963) In the presence of NO 3 , its reduction is preferred over Fe reduction. Addition of NO 3 to Fe-bearing waters permits anoxic oxidation of dissolved Fe(II) by NO 3 , a process that precipitates iron oxide and removes As, and PO 4 from groundwater by sorption (Smith et al., 2017) . With few exceptions, likely resulting from mixed waters in the well, NO 3 and As are mutually exclusive in solution ( Figure 8a ). The propensity of the groundwaters in the study area to be reducing and so As polluted is thus negated locally by the presence of some high concentrations of NO 3 . We hypothesize that reduced groundwater, and so As pollution, was more widespread in the past before the impact of anthropogenic NO 3 was manifest. By distributing NO 3 into the environment, human activity in Sindh appears to have lessened the severity and extent of natural pollution by As. The use of nitrogenous fertilizers should be examined when assessing the potential for As pollution in other parts of the Indus Basin or elsewhere with a view to not heedlessly curtailing nitrate applications.
| Evaporation concentrates As?
Evaporative concentration of conservative salts (e.g., Cl) by factors up to 10 are common in groundwaters in the study area ( Figure 5 ).
Salinization of soils by evaporative concentration of salts potentially increases concentrations of As in recharge and so in groundwater.
Canal waters contain 2-5 μg/L As, so a potential 20 to 50 μg/L As might occur through this route. In fact, concentration of As are unrelated to Cl concentrations (Figure 11 ), which suggests that As is not significantly concentrated during evaporation. Furthermore, the relation of As to Cl is inverse in groundwaters from Punjab ( Figure 11 ). This is not surprising, as evaporation occurs under oxic surface conditions. The As in irrigation water and groundwater used for irrigation is sorbed to sediments in the soil zone and the unsaturated zone in both Punjab (Nickson et al., 2005) and elsewhere (Evans, Mitchell, & Salau, 1979; van de Graaff, Suter, & Lawes, 2002) and does not pass into the aquifer. This is not surprising, as soils across the Indus River plain are Calcisols (Food and Agricultural Organization, 2017) and so buffered by calcite to a pH of around 8.0 ± 0.3 (Ahmed et al., 2017) and so is usually insufficiently high (i.e., >8.5) to drive alkali desorption and so leach
As into infiltrating waters. The potential for As to accumulate in 
| Comparison of groundwater As, Punjab and Sindh
In the field area, reductive dissolution of sedimentary iron oxyhydroxides causes As pollution. In Muzaffargarh District, central Indus Plain, Nickson et al. (2005) showed that As pollution in some groundwaters <30 m deep arose from the same cause, but those authors were tentative about the mechanism of As release to other groundwaters. More recently, Rabbani et al. (2016) It is sometimes assumed that natural As pollution results from a single cause in any one drainage basin. This assumption is incorrect, as we show, and as others have shown before us. Nimick (1998) showed that As pollution of groundwater in the lower valley of the Madison River, Montana, USA, had three sources: hydrothermal activity in Yellowstone Nation Park, leaching of volcaniclastic sediments, and reduction of iron oxyhydroxides. Appleyard et al. (2006) showed that As pollution in groundwater near Perth, Australia, resulted both from reduction of iron oxyhydroxides in deeper groundwaters and, in shallow groundwaters, from oxidation of diagenetic As-bearing pyrite in wetland peats exposed to oxidation as the water table was lowered through overabstraction of groundwater.
| The driver of alkali desorption
Across the Indus River plain, both Fe reduction and alkali desorption have been shown to drive As pollution. We hypothesize that the underlying condition driving As pollution across the Indus River plain is Fe reduction caused by groundwater anoxia driven by subsurface organic matter. This natural condition has been heavily modified not only by addition of NO 3 but also by long-term, pervasive, irrigation (see Section 2.4). A by-product of the modifications is As pollution driven by alkali desorption. The modification of the natural state is considered below.
Arsenic pollution by alkali desorption is caused by high pH in groundwater. The causes of high pH are silicate hydrolysis, ion exchange of Ca in groundwater for Na on mineral surfaces, and evaporation of water with alkalinity in excess of (Ca + Mg), the last typically viewed as water with RSC > 0 (Eaton, 1950; van Beek & van Breemen, 1973; van Breemen, Mulder, & Driscoll, 1983; Robertson, 1989; Schlottmann, Mosier, & Breit, 1998; Kortelainen & Karhu, 2009 Beneath the Indus River plain, pH in groundwater is increased by ion exchange of Ca in solution for Na on mineral surfaces. It may also be increased by evaporative concentration of groundwater (not river water) used for irrigation in which ion exchange has shifted RSC from <0 to >0. Evidence for ion exchange is strong and is seen in the groundwaters of Tando Allahyar (Figure 6a ,b) and those from Punjab reported by Nickson et al. (2005;  Figure 6d ). In both cases, the exchange has been insufficient to raise pH to the degree required (pH > 8.5) to cause noticeably As pollution via alkali desorption. More extreme ion exchange occurs in As-polluted groundwaters near Lahore in Punjab Farooqi, Masuda, Kusakabe, et al., 2007) where it has reduced Ca concentrations in some groundwaters to concentrations so low (<10 mg/L; FIGURE 13 Relation of As to pH, Fe, and NO 3 in groundwaters from Tando Allahyar compared with groundwaters from the upper Indus plain around Lahore given in and Farooqi, Masuda, Kusakabe, et al. (2007) . These relationships reveal whether As pollution of groundwater operates via Fe reduction (left panels) as in groundwater in Tando Allahyar in the lower Indus plain or by alkali desorption (right panels) as in groundwater around Lahore in the upper Indus plain. For Tando Allahyar, symbols are oxic groundwaters = open circles; anoxic groundwaters = filled red circles; crosses denote mixed redox status 8.5 and As pollution appeared as a result of alkali desorption. We speculate that one reason the aquifers have such a high ionexchange capacity is because the part exploited for water supply is usually shallow and was, until widespread irrigation raised the water table, part of the unsaturated zone.
Where the supply of canal water is inadequate, groundwater is used for irrigation. Where that groundwater is depleted in Ca through ion exchange, its RSC will be >0. Values of RSC are >0 in 93% of 147 groundwaters reported by Farooqi, Masuda, Kusakabe, et al. (2007) from around Lahore, Punjab, in most of which As concentrations increase with increase in pH (Figure 13 ). Kelleners and Chaudhry (1998) noted positive RSC in groundwater from more than half of 400 tubewells located on the left bank of the Sutlej River in Punjab.
They also noted increases in RSC in shallow groundwater in Punjab over a 10-year period and quote Beg and Lone (1992) as having note similar increases elsewhere in Punjab over a similar period. Of groundwaters reported on by Nickson et al. (2005) for Punjab, 68% have RSC > 0, although pH has remained ≤8.3.
Evaporation of groundwater with RSC > 0 tends to increase pH, although buffering by soils may moderate this process (Condom, Kuper, Marlet, Valles, & Kijne, 1999) . It is therefore possible that the use of groundwaters with RSC > 0 may enhance As pollution in one or both of two ways. First, it might return low-Ca water to the aquifer through deep percolation, thereby allowing further ion exchange to drive Ca concentrations to abnormally low concentrations, and pH and As to abnormally high values. Second, evaporation in soils might precipitate calcite and so increase RSC and pH, thereby raising pH and mobilizing As. The latter seems unlikely because, were that happening, As concentrations would be more directly related to Cl concentrations than they are; they are unrelated or inversely related ( Figure 11 ). Notwithstanding that, if this process occurs, groundwater pH and As pollution will be most severe in those areas that have been irrigated the longest with groundwater with RSC > 0. This hypotheses can be tested.
It is important to note that high pH in groundwater in Pakistan cannot not result from evaporative concentration of river water used for irrigation. Values of RSC for the rivers supplying irrigation water (Indus, Chenab, Jhelum, Ravi, and Sutlej) range from −0.3 to −0.7 (Karim & Veizer, 2000) . A value of −0.4 is given by Condom et al. (1999) for irrigation waters derived from rivers of Punjab. Values for river-derived irrigation water in Tando Allahyar average − 0.5 (Table S2 ).
The co-occurrence of As and F in unusual concentrations is explained by ion exchange; such co-occurrence is a chemical signature for alkali desorption as a mechanism driving As pollution. The co-occurrence can be used to distinguish alkali desorption from Fe reduction in the field because Fe reduction is not accompanied by F. A field test for As accompanied by a pH measurement would be a condition necessary to suggest alkali desorption, with final confirmation coming from high F determined by ion-specific electrode in the field.
| Prognosis for As pollution
We hypothesize that the reason alkali desorption causes As pollution in parts of Punjab but has not yet been seen to do so in Tando Allahyar or, by implication the lower Indus plain, is because of the different irrigation histories of these two areas. The rise in the water table has occurred slowly from decades of deep percolation of irrigation water and seepage from irrigation canals. This rise occurred in the Punjab by the 1960s (Greenman et al., 1967 , Qureshi, Shah, & Akhtar, 2003 Qureshi et al., 2008) , some 90 years after intensive, industrial-scale, perennial irrigation with river water began in the 1860s (Wescoat, 1991) . The rise in water tables was possible in the lower Indus plain only after the completion in 1932 of the Sukkur Barrage and attendant irrigation canals (e.g., Rohri Canal, Figure 1 ; Rising water tables and evaporation of shallow groundwater has caused waterlogging, and/or salinity and/or sodicity, to affect a substantial proportion of groundwater beneath the Indus plain (Qureshi et al., 2008) . Irrigation with groundwater accounts for a substantial, district-dependent fraction of irrigation in Pakistan today. According to Qureshi et al. (2008, p. 5) , some 70% of tubewells used for irrigation pump saline or sodic groundwater, albeit only a small fraction of sodic groundwaters are currently alkalized. The potential for pH to increase further in the longer term is clear and monitoring of As pollution should bear this in mind.
Our hypotheses needs to be tested because they are based on little data. First, the proportion of groundwater with RSC > 0 is poorly documented in available literature. Second, the relation of As pollution to groundwater with RSC > 0 has been documented in one place only Farooqi, Masuda, Kusakabe, et al., 2007) . Third, Muhammad, Müller, and Joergensen (2008) imply that pH in some soils in Punjab may reach pH > 9 under rain-fed agriculture, although that high pH may result from raised water tables and ion exchange. Finally, sodic soils may be remediated by dressing with gypsum (Qadir & Oster, 2004 ).
This will raise Ca, lower pH, and decrease RSC in soil-water. It's effect on As-pollution in the aquifer is unknown and depends on whether or not the aquifer's ion-exchange capacity overwhelms and removes the additional Ca; the connection between gypsum's use to treat soil and As pollution must be assessed. 6 | DISCUSSION OF OTHER PARAMETERS
| Origin of salinity
The Indus River flowed through the study area in historic times (Holmes, 1968) , so fresh water at depth may be river water remnant from those times. Notwithstanding such fresher lenses, saline groundwater at depth appears to be widespread in the Indus basin of Pakistan (e.g., Greenman et al., 1967 et seq.) . With a shoreline during the last glacial maximum around 18 ka reaching at least as far inland as the study area (Abbasi, 1962; Giosan et al., 2006; Holmes, 1968; Kazmi, 1984) , and with the study area only some 20 m above current sea level at present, contributions to salinity from brackish water of marine origin appear possible. We have tested this possibility.
The chemistry of our groundwaters appears to rule out any contri- 
| Impact of sewage and waste water
Values of Cl/Br mass ratio in recharge derived from rain are typically <200 and decrease with increasing distance from coastlines, that is, marine influences (Davis, Fabryka-Martin, & Wolfsberg, 2004; Davis, Whittemore, & Fabryka-Martin, 1998; Short, de Caritat, & McPhail, 2017) . Where groundwater is contaminated by seawater intrusion, groundwater Cl/Br plot along a mixing line between the recharge end-member and the marine value of 288. Values above the marine mixing line reveal contamination from waste water in sewage (Vengosh & Pankratov, 1998; Davis et al., 1998; Davis et al., 2004; Katz, Eberts, & Kauffman, 2011; Panno et al., 2006; Alcalá & Custodio, 2008; McArthur et al., 2012) .
High values of Cl/Br in groundwater are pervasive across the field area. The high Cl/Br values appear to reflect the use of canal water for irrigation. Canal water has high Cl/Br because of the waste water, including sewage, received from towns along the 240-km route of the trunk irrigation canals serving the study area (Figure 1 ). Groundwaters also spread along the Cl axis of Figure 7 , showing that evaporation has strongly affected infiltrating irrigation waters; evaporation increases Cl concentrations but leaves Cl/Br unchanged. Finally, some high Cl/Br may occur from the local addition to groundwater of waste water from unsewered sanitation, which is common in the study area (Husain, 2008) ; evidence of such local effluent inputs come from the random presence of Na/Cl mole ratios around 1 (Figure 5a ), which reflect contamination with NaCl (common salt) used for cooking, which would enter groundwater mostly in urine.
| CONCLUSIONS
1. Pollution of groundwater by As in the alluvial aquifers of the Indus River plain, Pakistan, is primarily caused by microbial reduction of sedimentary iron oxyhydroxides, driven by the microbial oxidation of organic matter.
2. Overapplication of NO 3 -bearing fertilizer and unsewered sanitation add NO 3 to groundwater and suppress Fe reduction and As pollution; anthropogenic action has thus reduced As pollution.
3. Across the Indus River plain, ion exchange removes Ca and adds Na (and B) to groundwater.
4. In groundwaters beneath the Indus plain of some parts of Punjab, extreme ion exchange has increased pH to values >8.5 and caused
As pollution from alkali desorption.
5. Arsenic pollution from alkali desorption may be exacerbated by long-term irrigation with alkalizing groundwater, that is, groundwater with RSC > 0.
6. As increasing anthropogenic NO 3 reduces As pollution from Fe reduction, use of alkalizing groundwater with RSC > 0 may replace it with As pollution from alkali desorption.
7. Groundwater salinity results from evaporation and evapotranspiration of canal water and ground water used for irrigation and not from marine incursion. Evaporation factors range up to 40 but most are ≤10.
8. High Cl/Br mass ratio (258-1,140) prove pervasive contamination of groundwater with sewage effluent in canal water and from point sources of unsewered sanitation.
